The boron isotopic composition of biogenic carbonates has been used to reconstruct seawater pH and atmospheric pCO 2 on Pleistocene and Cenozoic timescales. Because of their excellent preservation and extensive fossil record throughout the Phanerozoic, brachiopods are a promising candidate for extending the boron isotope record as far back as the Cambrian. Here we present stable carbon, oxygen, and boron isotopic measurements of modern Terebratulid brachiopod calcite in comparison with environmental pH estimates calculated from oceanographic data. Geochemical transects along the length and depth of single shells confirm previously published trends in carbon and oxygen isotopic composition. In the outer surface (primary and outermost secondary layers), δ Sowerby, 1846) and Laqueus californianus (Küster, 1844) microsampled from the middle part of the fibrous secondary layer demonstrates a clear correlation to ambient pH with a sensitivity similar to other empirical calibration curves for cultured planktic foraminifers, corals, and inorganic calcite. The relationship in other species is less clear and significantly offset, necessitating the use of a single species or a cross-calibration method with other species in paleo-pH reconstructions.
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Introduction
The geochemistry of biogenic marine calcite records a wealth of information about the environmental properties of the fluid from which it precipitated. Whereas the primary fluid is seawater, organisms can modify the chemistry of the local environment at the site of calcification, necessitating careful study of species-specific effects and other controls on shell geochemistry. Articulate brachiopods primarily construct their shells of low-Mg calcite, which is a relatively stable form of CaCO 3 compared to aragonite and high-Mg calcite (Berner, 1975) . Because of this, brachiopod fossils are useful as archives for δ Sr (Compston, 1960; Lepzelter et al., 1983; Popp et al., 1986; Carpenter and Lohmann, 1995; Grossman et al., 1996; Brand et al., 2003; Korte et al., 2003 Korte et al., , 2005 Grossman et al., 2008; Korte et al., 2008; Angiolini et al., 2012) . A few studies have examined the potential for using boron isotopes in brachiopod shells as a pH proxy (Lécuyer et al., 2002; Joachimski et al., 2005) , but a systematic examination of variations within brachiopod shells and between different species has not been published. An important first step towards testing the potential for boron isotopes in brachiopod shells to record seawater conditions is to examine how modern brachiopods record δ 11 B from known conditions. Dissolved boron is found in the ocean in two dominant forms: as charged borate ion (B(OH) 4 − ) and neutral boric acid (B(OH) 3 ). There is an equilibrium isotopic fractionation between the two species, with 10 B preferentially incorporated into B(OH) 4 − and 11 B preferentially incorporated into B(OH) 3 (Klochko et al., 2006) . Because the relative abundance of those two species of dissolved boron in seawater is a function of pH, the isotopic composition of both aqueous species must also change with pH, towards more positive values as pH increases. Based on this relationship and shown by measurements of synthetic calcite from pH-controlled solutions (Sanyal et al., 2000) , it is clear that B(OH) 4 − is the dominant species incorporated during the precipitation of calcium carbonates from seawater (Hemming and Hanson, 1992) . This means that measurements of boron isotopes in fossil marine calcite can provide a proxy for pH in ancient oceans, a crucial parameter for calculating the state of the marine carbonate system and atmospheric CO 2 concentrations ).
Boron isotope-based paleo-pH records from foraminiferal calcite have been used to produce pCO 2 reconstructions on glacial-interglacial (Hönisch and Hemming, 2005; Hönisch et al., 2009) and Cenozoic (Pearson and Palmer, 2000) timescales. The boron-isotope proxy has been calibrated using two species of planktic foraminifers (Sanyal et al., 1996 , benthic foraminifera (Rae et al., 2011) , corals Reynaud et al., 2004; Krief et al., 2010; Trotter et al., 2011) , and inorganic calcite (Sanyal et al., 2000) . However, foraminifer-bearing deep sea sediments are limited to the past~180 million years, so extended application of this marine proxy to the earlier part of the Phanerozoic, when carbon cycle models (Berner and Kothavala, 2001 ) and proxy data (Royer et al., 2004) suggest atmospheric CO 2 variability an order of magnitude greater than present levels, must rely on a different fossil archive. Articulate brachiopod shells are found in marine sedimentary deposits from the Late Cambrian to the present,.They maintain a low Mg-calcite mineralogy (unlike mollusks or corals which often secrete aragonite, high-Mg calcite, or mixed mineralogy), and they have received extensive study as potential recorders of strontium, oxygen and carbon stable isotopes (Popp et al., 1986; Curry and Fallick, 2002; Auclair et al., 2003; Brand et al., 2003; Korte et al., 2005; Parkinson et al., 2005; Yamamoto et al., 2010; Brand et al., 2011) .
Little is known about the controls and possible vital effects on boron isotopes in brachiopod shells. Systematic intra-shell variability up to 7‰ was observed in δ 13 C and δ 18 O (Buening and Spero, 1996; Auclair et al., 2003) , and has been interpreted to be either the result of kinetic isotope fractionation effects (Carpenter and Lohmann, 1995; Auclair et al., 2003) , or a record of environmental change (Buening and Spero, 1996) . Boron isotope data from various modern species of brachiopods exhibit a large (15-23‰) range (Hemming and Hanson, 1992; Lécuyer et al., 2002; Joachimski et al., 2005; Simon et al., 2006) , which is too great to be attributed solely to regional pH variations. In this contribution, we explore intra-shell variation, species-specific effects and the potential for organic contamination on the boron isotopic composition of modern and fossil brachiopod shells. Numerous studies have found species-specific differences in δ 11 B of foraminifers, corals, and synthetic calcite grown at similar pH (Sanyal et al., 1996; Sanyal et al., 2000; Sanyal et al., 2001; Hönisch and Hemming, 2004; Reynaud et al., 2004; Foster, 2008; Hönisch et al., 2008) , necessitating careful calibration of the proxy for each species through culture experiments or measurement of specimens from varying pH conditions. However, calibrations of natural samples from different ocean environments are hindered by the a relatively small pH variation in the typically narrow growth range of most organisms, and its covariance with other oceanographic parameters, notably temperature and nutrient concentrations. Brachiopods, on the other hand, can tolerate a wide range of depth, temperature, and pH conditions, allowing study of the respective effects of each of these parameters. However, brachiopod shell morphology is more complex compared to e.g. foraminifer shells, and includes layers of calcite fibers and organic proteins (Williams, 1966 (Williams, , 1968 Williams et al., 1997; Schmahl et al., 2004; Greisshaber et al., 2007; Goetz et al., 2009) . The presence of organic components dispersed throughout the brachiopod shell provides further analytical challenges because it could cause isobaric interferences during Negative Thermal Ionization Mass Spectrometer (NTIMS) analysis, possibly resulting in anomalously negative δ 11 B
values (Hemming and Hanson, 1992) . This study investigates the controls on the boron isotopic composition of brachiopod shell calcite by NTIMS analysis of δ 11 B in combination with δ
13
C and δ 18 O measurements of modern specimens, in order to evaluate and calibrate the boron isotope-pH proxy for brachiopods.
Materials and methods
Modern brachiopod shells were provided by the American Museum of Natural History in New York. Catalogue numbers along with information on the location and depth of collection are listed in Table 1 . Eight specimens were analyzed from 4 different species: Terebretalia transversa (Sowerby, 1846) , Magellania venosa (Solander, 1789) , Laqueus californicus (junior synonym of Laqueus californianus, Küster, 1844) , and Dallinella occidentalis Fig. 1 (Dall, 1871) . The ventral valves of all specimens were cut lengthwise (along their axis of symmetry, perpendicular to the hinge -see Fig. 2 ) using an Isomet saw, then mounted to a glass slide with epoxy and cut again to produce a~2 mm thick section. Sections were polished with 50 μm grit on a polishing wheel and~1 mg of CaCO 3 was collected using a 0.5 mm dental burr. Two specimens, AMNH-unkA1 (T. transversa off of San Pedro, CA) and AMNH-unkA3 (M. venosa from Mar del Plata, Argentina), were microsampled along transects through the thickness of the shell and along the length of the shell for boron, carbon, and oxygen isotope analysis. Locations of sampling transects performed are shown in Fig. 2 . As a consequence of the observed isotope patterns, all other specimens were sampled approximately halfway along their length and halfway through their width for B-isotope analysis.
To prevent isobaric interference from organic matter contamination during NTIMS analysis, two methods of removing organics were employed. All samples for B-isotope analysis were bleached overnight in NaOCl to remove organic material and subsequently rinsed and ultrasonicated 10 times in quartz-distilled water. In addition, several samples were oven-roasted in air at 375°C for 24 hours prior to bleaching in NaOCl. After drying, samples were dissolved in quartz distilled 2N hydrochloric acid at a concentration of 30 μl per mg of sample. 1 μl-aliquots of sample solution (~1 ng of B) were loaded on degassed zone refined rhenium filaments with 1 μl of boron free seawater (BFSW), which was prepared with 
, but no such signal was detected during any of the runs. Several aliquots of each sample were analyzed and reported data match the criteria of acceptable analyses as outlined above. No temperature effect was observed between measurements over the range of temperatures used. Acceptable analyses gave consistent results between 980°C and 1030°C, although most samples were successfully analyzed at 980°C. Standards yield sufficiently large signal intensities at 980°C and no standard had to be analyzed at temperatures >980°C. In the range 920-980°C, no temperature dependence of standard values was found, and at temperatures greater than 1000°C measuring standards was impossible due to fractionation and unmanageable signal size. Results are reported in conventional delta notation relative to NBS standard 951, calculated as follows:
Boron isotope results are reported in Table 2 . Uncertainties are reported either as the internal error, which is calculated as 2 standard errors (2se = 2 × standard deviation / √n), where n is the population of repeat analyses of a sample solution, n > 3, or as the external error, which is 2se of repeat analyses of an in house CaCO 3 standard, using the same number of analyses as collected for a sample. The respective larger error estimate (internal or external) is applied to all figures and statistical evaluations.
For carbon and oxygen isotope analysis, powdered shell calcite was roasted in vacuo for 30 min at 375°C prior to analysis at the University of California Davis on a Fisons Optima isotope ratio mass spectrometer (IRMS) using an Isocarb common acid bath device. Acid reaction temperature was 90°C. All oxygen and carbon isotope data are presented relative to the Vienna Pee Dee Belemnite (V-PDB) standard using standard per mil (‰) notation where:
and R = C data is ± 0.06‰ and 0.04‰ respectively, based on repeat analyses of an in-house calcite standard.
Oceanographic data for each of the locations listed in Table 1 were compiled from online databases (GEOSECS, GLODAP), published studies, NOAA buoy logs, and personal communications with specialists in regional oceanography (see Table 1 for complete references). For all but one location (Mar del Plata, which is not included in the pH-δ 11 B comparison due to imprecise knowledge of regional carbonate chemistry), data were found to constrain temperature, pressure (inferred from depth of collection), salinity, total alkalinity, and dissolved inorganic carbon. From these parameters we are able to calculate the entire carbonate system using CO2SYS (Pierrot et al., 2006) , including in situ pH on the seawater scale. Here, δ 18 O seawater is converted from the V-SMOW to V-PDB scale by subtracting 0.20‰ (Bemis et al., 1998) . Note that this V-SMOW to V-PDB correction differs from the more recent value of 0.27‰ of Hut (1987) because 0.2‰ was the accepted correction at the time when Epstein et al. (1953) established their empirical calibration.
Results and discussion
3.1. Intrashell δ 18 O and δ
C variability
Carbon and oxygen isotope measurements of transects through shells of M. venosa and T. transversa show that the inner part of the fibrous secondary layer is precipitated in oxygen isotopic equilibrium with ambient seawater, in agreement with previous studies (Fig. 3A,  B , Auclair et al., 2003; Brand et al., 2003; Parkinson et al., 2005; Brand et al., 2011) . In contrast, the δ 18 O values in the exterior primary layer, and in the case of T. transversa also in the exterior part of the secondary layer, are depleted in δ
18
O by~2‰ relative to the secondary layer equilibrium values (Fig. 3A, B) . Similar isotope trends are seen in δ 13 C of the two species, with more negative values in the outer primary layer and more positive values in the inner, secondary layer.
Cross-plots of δ 18 O and δ 13 C (Fig. 4A) show that trends in the two isotope systems in the primary and outer secondary layers co-vary (Fig. 3A) , suggesting that kinetic effects could be influencing the geochemistry of the outer layer. This effect, which was also recognized by previous studies of δ 18 O and δ 13 C in brachiopod shells (Auclair et al., 2003; Brand et al., 2003) , can result from differences in the reaction rate of the hydration of CO 2 (the slowest reaction in the equilibration of the carbonate system), which depend on whether 13 C or 12 C is used. Such an effect can only manifest itself in the ultimately produced CaCO 3 if the reaction does not go to completion (i.e. if the dissolved inorganic pool is not entirely consumed) (Auclair et al., 2003) .
Intrashell δ 11 B variability
Boron isotope measurements range from 14 to 19‰ and show a total range of~3‰ in each species. Similar to C and O isotopes, δ 11 B is more negative in the primary relative to the outer secondary layers, but unlike C and O isotope trends, δ
11
B values are also more negative in the innermost part of the secondary layer (Fig. 3C ). Reproducible δ
B values are found in the center of the secondary layer, and those data are in the same range as δ 11 B values published for a wide range of modern marine carbonates (Hemming and Hanson, 1992) . We have therefore selected the isotopically homogenous secondary layer of the shell for the pH-calibration in this study. Within this middle part of the secondary layer, we observe little variation from the anterior to posterior section of the shell. Hence, samples were obtained from the thickest midpoint along the shell, so that sufficient material could be obtained for analysis. The high degree of similarity in δ 11 B trends in the two species suggests that the observed trends may be a characteristic of articulate brachiopods in general. The three samples that were re-drilled and roasted as a second test for removing potentially interfering organic matter showed highly variable (in both direction and magnitude) effects of roasting on δ 11 B. In fact, two of the three gave more negative values after roasting, the opposite of what would be expected if roasting actually removed interfering CNO − . This suggests that organic interference is not responsible for the observed trend. Given the negative deviation from the untreated samples (up to − 5‰), it appears that baking introduces a bias to the δ 11 B measurement, possibly through 11 B loss at 375°C or boron or organic contamination. Based on the results of these baking experiments and the good agreement with previously published δ 11 B data from modern T. transversa measured by ICP-MS (Lécuyer et al., 2002) , we conclude that organic interference is not an issue in NTIMS measurement of δ 11 B in brachiopod calcite. Boron isotopes co-vary with both δ 18 O and δ 13 C (Fig. 4B, C) , although not as systematically as δ
18
O co-varies with δ 13 C. Boron samples were drilled from the same sample pits but were not the same aliquots that were used for carbon and oxygen isotope analysis. The weaker correlation between δ 11 B and δ 13 C/δ 18 O could possibly be affected by local isotopic heterogeneity but because the isotope deviations are systematic within a shell and between shells of different specimens, local isotopic heterogeneity seems an unlikely explanation for the observed patterns. The region of the shell in which the δ 11 B covariance breaks down is the innermost secondary layer, where δ 18 O remains within the range of equilibrium values and δ
13
C remains in the range of mid-shell values, but δ 11 B becomes depleted relative to the consistently more positive values found near the middle of the shell. The similarity of the B, C and O isotope profiles could suggest that all three isotope systems are controlled by the same process, which Auclair et al. (2003) have suggested may be kinetic fractionation in the case of C and O isotopes. However, δ 11 B values decrease in the inner region of the shell and thus deviate from the O and C isotope pattern. Because it is unlikely that kinetic effects would affect boron isotopes due to the relatively fast isotopic equilibration of boric acid with borate (~125 μs, ), we favor a physiological explanation that could involve lower pH in the metabolic fluid of the organism, or a pH gradient across the calcifying surface of the shell that has an ontogenetic component. Brachiopods build their shells by incrementally extending the single-crystal fibers that make up the secondary layer (Williams et al., 1997; Greisshaber et al., 2007) from the hinge towards the anterior of the shell, along the inner shell surface (Ackerly, 1989) . Thus, each increment of growth involves the secretion of secondary material along the inner surface of the shell and primary calcite along the anterior shell edge (Fig. 5) . In our transects the innermost calcite of the secondary layer represents the newest shell material, secreted just before the animal died, while the outermost calcite represents older material secreted at a younger ontogenetic stage. Therefore the cause of the observed trends in B, C, and O isotopes remain unclear and could be related to a variety of factors: environmental changes during the lifetime of the brachiopod, physiological processes such as growth rate, respiration, and calcification that may change during ontogeny and affect different parts of the calcifying surface differently, and finally different dynamics in the secretion of primary vs. secondary calcite.
Recommended sampling strategy for future studies
Intrashell variability introduces complications to the use of brachiopod calcite δ 11 B as a recorder of paleo-pH. Careful sampling is required to consistently sample the same point on the δ 11 B trend throughout the shell. We recommend sampling at the midpoint of the ventral valve (with respect to shell thickness) at the thickest point along its length, which was the method used for the rest of our modern specimens. The reasons for this recommendation are twofold: firstly, this point has the most stable and most positive δ
11
B values and equilibrium δ 18 O, and secondly, being in the middle of the shell, it is less vulnerable to alteration and potential diagenetic alteration than any of the shell surfaces in fossil specimens. In some particularly thin modern shells we found it necessary to resample numerous times in an effort to obtain the middle-most calcite. If such re-sampling did not provide consistent results, only the most positive value obtained appears reliable for pH calculations. One benefit of the observed intrashell variability is that it provides a simple test for B-alteration in fossil specimens which may be of particular concern in fossil Terebratulids given the vulnerability of their punctate shells (Pérez-Huerta et al., 2009 ) to diagenetic alteration. If the depth trend in δ 11 B is observed, one can be reasonably certain that the calcite is original and unaltered, whereas alteration would tend to homogenize the signal.
δ

B-pH relationship
Because the specimens were collected from known oceanographic locations, we can evaluate the δ 11 B against pH estimated from oceanographic data (Fig. 6) . Due to the different methods used to measure or calculate pH from oceanographic data for each sample and seasonal Relative age of calcite younger older variations in pH for some locations, an arbitrary but sufficiently large uncertainty of ±0.05 pH units is assumed for each sample. In many cases we performed replicate analyses of separately drilled and cleaned samples from the same specimen (Table 2 ). As discussed above, when values differ only the most positive value is considered for calibration purposes. Also shown are the ICP-MS analyses of brachiopod calcite by Lécuyer et al. (2002) after re-calculating their measured pH values from the NBS scale to the seawater scale for direct comparison to this study. Because samples were collected from a variety of temperature (T), salinity (S), and pressure (p) conditions, all of which affect the dissociation constants of carbonic acid (Mehrbach et al., 1973) and boric acid (Dickson, 1990 ) (i.e. pK 1 , pK 2 , and pK B ), no single slope can be used as a δ
11
B borate calibration curve. The calibration is complicated by a conflict between observations of aqueous boron fractionation in seawater and an apparently smaller fractionation between seawater and carbonates. At the time of the first efforts to document and quantify the δ 11 B vs. pH relationship in marine carbonates, the theoretical fractionation of Kakihana et al. (1977) , ε = 19.4‰, was the only estimate available and fit (within error) the calibration work done on planktic foraminifera and corals. Subsequently, Klochko et al. (2006) empirically determined the aqueous fractionation between boric acid and borate in seawater using spectrophotometric pH measurements and obtained a result of ε = 27.2‰, which translates to a larger δ 11 B increase per incremental pH increase than predicted by early theory. So we are left with a conundrum: without application of any corrections, all empirical calibration curves of carbonates grown over a wide pH range (Sanyal et al., 1996 (Sanyal et al., , 2000 Hönisch et al., 2004; Reynaud et al., 2004; Krief et al., 2010; Trotter et al., 2011 ) display a lower pH-sensitivity than that predicted by the actual aqueous fractionation measured by Klochko et al (2006) . Perhaps the boron incorporation mechanism of Hemming and Hanson (1992) is incomplete, or perhaps the fractionation between dissolved boron in seawater and marine carbonates is complicated by variable activities of dissolved ions in seawater, but either way it is unclear which fractionation factor is appropriate for producing brachiopod δ 11 B vs. pH calibration curves. For visual comparison two possible calibration curves are shown in Fig. 5 , one using the empirical carbonate fractionation ε*~20‰ (Hönisch et al., 2007) , and one using the actual aqueous fractionation ε = 27.2‰ (Klochko et al., 2006) . For all calibration curves discussed below the δ 11 B vs. pH relationship is described by the following equation:
where pK B is calculated for each sample as a function of T, S, and p using the equations of Dickson (1990) for temperature and salinity effects, and Millero (1995) for pressure effects. δ 11 B seawater is 39.6‰ (Foster et al., 2010) , a is the species-specific offset optimized for best fit, α (respectively α*) is the fractionation factor and ε (respectively ε*) the fractionation for the aqueous boron fractionation (respectively fractionation between seawater and marine carbonates). Similar to previous calibrations, the brachiopod boron isotope data do not fall on either the theoretical or the empirical aqueous δ 11 B borate curve, necessitating a constant offset for each species. We shifted the curves along the y-axis by choosing an offset a that places the δ 11 B data for T. transversa onto each borate curve. The T, S, and p (which affect pK B ) used in the calibration curves shown in Fig. 5 are average values for the T. transversa specimens. We chose T. transversa for this exercise because this species spans the greatest pH range and it shows the clearest δ 11 B vs. pH relationship. This procedure is analogous to previous calibration strategies to correct for species-specific vital effects in foraminifera and corals Hönisch and Hemming, 2004; Hönisch et al., 2004) .
The relationship for T. transversa is consistent across a wide range of pH, including new data measured by NTIMS (this study) as well as previously published data measured on bulk shells by ICP-MS (Lécuyer et al., 2002) , and follows closely the slope observed in all other marine carbonates. However, using the aqueous fractionation of Klochko et al. (2006) requires smaller offsets. Given the uncertainty in pH calculations, the small number of specimens per species and the relatively small pH range (7.7-8.2), the sensitivity of the δ 11 B vs. pH relationship cannot be determined with certainty. Comparison of the T. transversa data to other brachiopod species reveals a high degree of variability in absolute δ 11 B (Fig. 6) , requiring that species-specific offsets be further taken into account. Notably, while the relationships for T. transversa and L. californicus follow the slope of other carbonates calibrated over a wide pH range in the laboratory, the data for M. venosa, although covering only a small range of pH with two points, seem to follow a δ 11 B vs. pH relationship that may be more compatible with the sensitivity of the borate curve of Klochko et al. (2006) . The trend of one particularly thin-shelled (and thus difficult to sample accurately) species (D. occidentalis) is even in the opposite sense, and likely illustrates the impact of intrashell variability and the need for careful, consistent sampling practices. In order to quantitatively evaluate the fit of these two alternative sensitivities to the data from each species, we compare measured δ 11 B to that predicted using both the empirical carbonate fractionation ε* and the measured fractionation ε of Klochko et al. (2006) (Fig. 7) . For simplicity, no temperature correction (Honisch et al., 2008; Rustad et al., 2010 ) is applied to either of the fractionation factors in Fig. 7 , as we found that it does not improve the fit between predicted and measured δ 11 B, although the effects of temperature correction would be smaller than the uncertainty of δ 11 B measurements, so cannot be ruled out by our data. As it is evident from the δ 11 B variation between species (Fig. 6 ) that specific offsets need to be taken into account, we have included in Fig. 7 a constant offset (a) for each species that optimizes the fit between predicted and measured δ 11 B. Values for a used for calibration curves using the ε* are as follows: L. californicus a = -4.8‰, T. transversa a = -4.1‰. Using ε (Klochko et al., 2006) , L. californicus a = 1.8‰, T. transversa a = 2.4‰. Due to coverage by only two points and large disagreement with the slope of either fractionation curve, offsets cannot be meaningfully calculated for M. venosa or D. occidentalis. Similar to previous calibrations of boron isotopes in marine carbonates, boron fractionation into brachiopod shells appears less sensitive than predicted by the aqueous fractionation of Klochko et al. (2006) . Data from M. venosa form an exception from this general observation as they produce a negative correlation between δ 11 B predicted and δ 11 B observed using either sensitivity. T. transversa T. transversa (Lécuyer et al., 2002) Other species (Lécuyer et al., 2002 Klochko et al. (2006) , respectively. Both curves adjusted with constant offset to best fit data for T. transversa.
Conclusions
Depth and length transects of articulate brachiopod shells confirm previous studies investigating the intrashell variability of carbon and oxygen isotopic composition of brachiopod calcite. The trend of increasing isotope values from the primary to the secondary layer is interpreted in this and previous studies as a kinetic effect, where the interior parts of the secondary layer are precipitated closer to equilibrium with seawater. The results generally support the use of fossil brachiopods as recorders of those isotopic systems, as long as care is taken to only sample the inner secondary layer. The trends in boron isotopic composition along the same transects are similar to trends observed in carbon and oxygen isotopes. Where carbon and oxygen isotopes may be explained by kinetic fractionation during shell growth, boron isotopes equilibrate extremely rapidly between aqueous boron species, and kinetic fractionation therefore seems unlikely. In addition, the secondary innermost layer is depleted in δ 11 B
but not in δ 13 C and δ 18 O. Therefore, a separate mechanism must control the boron isotopic composition of the innermost secondary layer. A pH gradient across the calcifying surface may explain the observed trends, where respiration of the animal and calcification may decrease pH in the calcifying fluid adjacent to the shell. The intrashell variability is significant yet systematic, so consistent, careful sampling of the midpoint of the shell at its thickest point is recommended to minimize possible additional uncertainties on δ 11 B-based pH reconstructions. The pattern of variability in carbon, oxygen and boron isotopic composition also provides a useful test of diagenetic alteration or replacement in brachiopod calcite.
The δ 11 B vs. pH relationships for species T. transversa and L. californicus are consistent with published empirical calibrations of other marine carbonates and display a lower sensitivity than predicted from aqueous boron fractionation. Similar to (Honisch et al., 2007) we adjust the empirical δ 11 B/pH relationship by using a smaller empirical fractionation factor (α*) instead of the actual aqueous fractionation factor (α, Klochko et al., 2006) . This adjustment is practical and simple but should not be interpreted as an indication that we understand the reason for the lower δ 11 B/pH sensitivity in marine carbonates. To obtain the best match between δ 11 B in brachiopods and predicted seawater-pH an additional empirical offset of a = − 4.2‰ and − 4.8‰ is used for T. transversa and L. californicus, respectively. In contrast, using the actual fractionation factor of Klochko et al. (2006) requires smaller empirical offsets (a = 1.8‰ and 2.4‰, respectively) but does not create as good a match with observed seawater-pH. Because the lower sensitivity emerges as a universal pattern in marine carbonates, we recommend its use for paleo-pH reconstructions. However, species-specific vital effects and uncertainties in the growth habitat of fossil brachiopods probably pose a greater problem for pH estimates than the δ 11 B sensitivity to pH. Paleo-pH reconstructions therefore must focus on single species or ensure that species-differences are constant and cross-calibration of coeval species would be required for reconstructions of the Mesozoic and Paleozoic. In particular Terebratulids, to which T. transversa belongs, extend from the Carboniferous to the present and thus allow for reconstructions using closely related species. However, absolute calculations of pH are further complicated by uncertainty in the δ 11 B of ambient seawater, which model simulations (Lemarchand et al., 2000 (Lemarchand et al., , 2002 Joachimski et al., 2005; Simon et al., 2006) suggest has varied significantly on timescales longer than the 10-20 My residence time of boron in seawater.
Further investigations into the boron isotopic composition of brachiopod calcite may refine or expand its use in reconstructing pH of ancient seawater. Culturing brachiopods in laboratory conditions, where parameters of the carbonate system are carefully controlled, a technique that has proven invaluable in calibrating foraminifera, corals, and synthetic calcite, would certainly refine the proxy for different species. A comparison of δ 11 B in Cenozoic fossil specimens to published Cenozoic foraminifera could be used to calibrate extinct brachiopod species that would be of greater use in pre-Cenozoic paleo-pH reconstructions. Investigating the concentration of trace metals whose incorporations have been shown to be sensitive to carbonate system parameters (U/Ca, B/Ca, Mg/Ca, etc.) (Russell et al., 2004) B using optimized species-specific calibration curves with the fractionation factor of Klochko et al. (2006) (top panel) and the smaller fractionation factor of previous calibrations (ε*) (bottom panel). δ 11 B is predicted for each specimen from oceanographic data using the δ 11 B vs. pH relationship and using a species-specific offset (a) optimized for the best measured vs. predicted fit.
